Motility is a fundamental property of mammalian cells that normally is observed in tissue culture by time lapse microscopy where resolution is limited by the wavelength of light. This paper examines a powerful electrical technique by which cell motion is quantitatively measured at the nanometer level. In this method, the cells are cultured on small evaporated gold electrodes carrying weak ac currents. A large change in the measured electrical impedance of the electrodes is observed when cells attach and spread on these electrodes. When the impedance is tracked as a function of time, fluctuations are observed that are a direct measure of cell motion. Surprisingly, these fluctuations continue even when the cell layer becomes confluent. By comparing the measured impedance with a theoretical model, it is clear that under these circumstances the average motions of the cell layer of 1 nm can be inferred from the measurements. We refer to this aspect of cell motility as micromotion.
electrode impedance. The impedance fluctuations, however, continue as cell layers become confluent. To understand these results and the possible sources of the fluctuations, we have considered the interaction of cultured cells with the electrode surface in detail.
It is well known from interference reflection microscopy studies that cells in culture attach to the substratum by small foot-like projections leaving spaces or channels between the ventral side of the cell and the substratum (8) . The amount of current flowing in these channels, and hence the impedance of the cell-covered electrode, will depend on the applied ac frequency. We Locomotion of cells in tissue culture has been widely observed, as many metazoan cells have the ability to crawl upon surfaces. This in vitro phenomena is thought to be an expression of a basic cellular mechanism involved in processes including wound healing, maintenance of cellular organization in tissues, surveillance for invading organisms, and development of the early embryo (1) . Several recent studies have reported a link between the metastatic behavior of cancer cells and their motility in culture (2) (3) (4) (5) (6) (7) . In this method, cells are cultured on small gold electrodes evaporated on the bottom of standard tissue culture dishes and the system's impedance is followed with time. As the cells attach and spread on the electrode surface, they alter the effective area available for current flow causing as much as an 8-fold increase in the impedance of the system. After these initial changes, the impedance fluctuates with time.
In the past, we have shown that these fluctuations in impedance result from the motion of cells on the electrode.
For example, treatment of fibroblasts with 10 gM cytochalasin B resulted in a nearly complete cessation of the impedance fluctuations (7 Electrode Fabrication. The preparation of 60-mm polystyrene culture dishes containing gold electrodes deposited by vacuum evaporation has been described (6, 7) . Each finished dish contained one large (-2 cm2) and four small (_10-3 cm2) electrodes.
Impedance Measurements. For impedance measurements, the electrode-containing dish was placed in an incubator and medium (-4 ml) was added over the electrodes. The large electrode and one of the small electrodes were connected to a phase-sensitive lock-in amplifier, and an ac signal was supplied through a 1-Mfl resistor (see Fig. 1 ). The measurement was generally made with a 4000-Hz ac source with an amplitude of 1.0 V. For frequencies scans shown in Fig. 3 , however, the following ac frequencies and respective ampli- All connections were with coaxial cable to minimize any background noise. For cell measurements, the dish was inoculated with 2 ml of a cell suspension giving a concentration of 1 x 105 cells per cm2 of available area. Cells were allowed to attach and spread for at least 24 hr before the impedance measurements reported in this paper were taken.
RESULTS AND DISCUSSION Fig. 1 shows a schematic of the electrodes and the basic electrical setup used in these measurements. In this two-
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Proc. Natl. Acad. Sci. USA 88 (1991) probe measurement, the resistance of the bulk tissue culture medium is in series with the impedance of the electrodes and will dominate the measurement except when an electrode is small. The solution resistance will then manifest itself as a spreading or constriction resistance that depends on the size of the electrode. As an example, for a circular disk electrode in a conducting medium of infinite extent, the constriction resistance varies as p/2d, where p is the resistivity of the medium and d is the diameter of the electrode (9) . Since the impedance associated with the electrode-electrolyte interface must be proportional to the inverse of the area of the electrode, 4/ird2, it can always be made to dominate the constriction resistance by making the diameter sufficiently small. At 4 kHz with an electrode of -10-cm2, the real part of the impedance of the electrode, the faradaic resistance, is several times larger than the constriction resistance. Under these conditions, the activities of anchored cells are clearly revealed. If instead two large electrodes had been used, the solution resistance would have masked the measurement, and the presence of cells would be barely detectable. The lower portion of Fig. 1 shows measured fluctuations in both the in-phase and out-of-phase voltage as a function oftime for electrodes covered with a confluent layer of WI-38 VA13 cells.
The model used to calculate the specific impedance (the impedance for a unit area) of a cell-covered electrode as a function of the frequency, I', is shown in Fig. 2 . It is based on the measured specific impedance, Zn(l), of a cell-free electrode, the specific impedance, Zm(V), through the cell layer (i.e., mainly the capacitance of the upper and lower cell membranes in -series) and the resistivity, p, of the tissue culture medium. The cells have been approximated as circular disks (not a limiting approximation) of radius rc. We have assumed that the current flows radially in the space formed between the ventral surface of the cell and the substratum and that the current density under the cells does where Vn is the potential of the electrode and Vm is the potential measured in the solution just outside the cell layer, and h is the height of the space between the ventral surface of the cell and the substratum.
The solution of this equation is a sum of modified Bessel functions of first and second kind (10) . By using proper boundary conditions, the specific impedance for a cellcovered electrode can be written as follows: Using this model to calculate the impedance ofan electrode supporting a confluent layer of cells, Zc, we first measure the impedance of a cell-free electrode at different frequencies. It is convenient to interpret the measured sample impedance as equivalent to that of a capacitor and a resistor in series as was first done by Warburg (11, 12) for electrolytic interfaces. This has been done for the results shown in Fig. 3 A and B . Since the constriction resistance is in series with this impedance, it can simply be subtracted from the total resistance to obtain the real resistive value of Zn. After calculating Zc, the constriction resistance is added back for comparison with the experimental results. The solid lines in Fig. 3 (14) . It should be noted that the cells, of course, are neither circular nor rectangular, nor do they all have the same shape. This simple model shows, however, that the change in impedance due to a confluent cell layer stems from two sources: the current flow between the ventral surface of the cells and the substratum, and the resistance between cells.
Fig. 4A shows the first 2 min ofdata taken from Fig. 1 . Here the equivalent resistance has been calculated from the data, representing the sample as a resistor and capacitor in series, and is normalized to the value at time 0. These are typical of fluctuations from an electrode with confluent WI-38 VA13 cells measured at 4 kHz. Fig. 4B shows the lack of fluctuations after a brief 10%o formalin treatment to kill the cells. The measurements have been obtained with a digital lock-in amplifier, and the digital feature accounts for the steps in the curve. Again, since the electrode is confluent with cells, the measured fluctuations in the resistance cannot be ascribed to variations in the cell number that cover the electrode as would be the case from random walks of cells in sparse cultures. Instead, the fluctuations are due to the variations in the factors that make up a, or in the resistance between the cells, Rb. It is not clear from these results whether the measured resistance fluctuations are due to small variations in a or Rb; however, from partially covered electrodes, where Rb must be 0, it can be estimated that they are of roughly equal importance (data not shown). What is clear, however, is the exquisite sensitivity of the experiment. It should be noted that large fluctuations in the electrical impedance can be observed when, simultaneously, no discernible change is seen with an optical microscope. This is not surprising because changes of nanometers in the cell diameter or subnanometer changes in the distance between the ventral surface of the cell and the substrate will significantly affect the measured impedance. We refer to this subtle aspect ofcell motility as micromotion. It should be pointed out here that, at the present amplifier magnification, there is essentially no problem with electrical noise as can be seen from the formalin-treated cells. It is also clear that the fluctuations are associated with the living cells and in no way are an artifact of the measurement.
While theory and experiment agree very well, one small difficulty should be pointed out. Experimentally, the capacitance at low frequency increases for long-term (a few days) experiments by 5-10%o for confluent electrodes. The increase varies arbitrarily between electrodes in a single experiment and from experiment to experiment. Because the cells form adhesion plaques (focal contacts) with the electrodes, the measured capacitance is expected to be 5-10% smaller than that for the cell-free electrode. The reason for the increase in capacitance is unclear but it offers no problem for the time scale of the experimental results described in this paper. Unfortunately, until this problem is understood, the experimental method cannot be used to measure the sizes of the adhesion plaques between the cells and the substratum.
A confluent electrode contains on the order of 50 cells; it is, however, possible to measure the effect of a single cell on the electrode. This is experimentally more difficult. We are also examining how various external factors, such as temperature, pH, or addition of drugs will affect the motion of cells at this length scale. The inherent simplicity ofthe system and the sensitivity of these measurements offers great promise for many tissue culture applications.
